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Summary 
 
Sudden phase anomalies (SPA) of low-frequency radio waves reflected from the D-region of 
the lower ionosphere exclusively occur during the daylight hours when rapid changes in the 
ionospheric reflection height take place. They lead to abrupt changes in the linear superposi-
tion of the ground wave and the sky wave and consequently in the total field strength of the 
received signal. Such sudden rapid reflection height changes are usually connected with short-
period (minutes to hours) enhancements of electron density in the lower ionosphere following 
solar flares, which sometimes are associated with a dramatically increase of solar X-ray ra-
diation. This additional wave radiation can penetrate into the lower ionosphere and intensify 
the D region ionisation. The mean level and the number of solar X-ray bursts varies with the 
11-year sunspot cycle, so that statistically investigations of number and intensity of observed 
SPAs can give insight into solar-terrestrial connections concerning the upper atmosphere. At 
Collm Observatory, SPAs are recorded since several decades. These records are combined to 
an index characterising the monthly mean disturbance state of the ionosphere 1983-2002. 
 
Zusammenfassung 
 
Plötzliche Phasenanomalien (engl. sudden phase anomalies, SPA) von Langwellen, die in den 
Tageslichtstunden von der ionosphärischen D- Region reflektiert werden, treten auf, wenn 
schnelle Änderungen in der Reflexionshöhe stattfinden. Sie führen zu einer abrupten Ände-
rung der linearen Superposition von Raum- und Bodenwelle am Beobachtungspunkt und in 
der Folge im Feldstärkebetrag der empfangenen Signale. Solche plötzlichen schnellen Refle-
xionshöhenänderungen sind gewöhnlich mit einer kurzen (Minuten bis Stunden) Zunahme der 
Elektronendichte in der unteren Ionosphäre verbunden und nach Sonneneruptionseffekten zu 
beobachten, die mit einer erheblichen Erhöhung der emittierten kurzwelligen Röntgenstrah-
lung einhergehen. Das mittlere Strahlungsniveau und die Anzahl von Bursts variiert mit dem 
11-jährigen Sonnenfleckenzyklus, so dass statistische Untersuchungen von Anzahl und Inten-
sität der SPA- Effekte spezielle Hinweise auf solar-terrestrische, die obere Atmosphäre betref-
fende Verbindungen geben können. An der Außenstelle Observatorium Collm der Universität 
Leipzig werden SPAs seit mehreren Jahrzehnten registriert. Sie stellen eine Datenbasis für die 
Jahre 1983-2002 zur Untersuchung solar-terrestrischer Beziehungen dar. 
 
Introduction 
 
Recently, the interest in analysing the effect of solar variability on the Earth´s atmosphere has 
been increased again, owing, among others, to the potentials of atmospheric circulation mod-
els to analyse solar effects in the stratosphere and mesosphere (e.g. Fröhlich et al., 2003) and 
to new international programs like CAWSES (Geller, 2003) that aim at the combination of 
solar variability, space weather, and atmospheric responses to these. The investigation of so-
lar-terrestrial effects (e.g., McRae et al., 2004), however, needs the analysis of long-term 
datasets of parameters that are able to reflect the influence of the sun on the atmosphere. In 
this connection it is of interest to study the long-term behaviour of number and intensity of 
sudden ionospheric disturbances (SIDs) following bursts of solar radiation during solar flare 
events. SIDs are consequences of short periodic solar variability on the lower ionosphere, and 
in fact they have originally been used to register solar flares using ground-based instruments. 
In turn, however, since the registration utilises the response of the ionosphere on abrupt in-
 
crease of solar X-ray (<0.8 nm) and Lyman α radiation (121.6 nm), SIDs are also a measure 
for ionospheric variability. 
 
At Collm Observatory, ionospheric disturbances are regularly measured using low frequency 
(LF) radio wave field strength registrations from 4 transmitters. Sudden phase anomalies 
(SPA) in these registrations are interpreted as ionospheric variations. The data are applicable 
for characterising the ionospheric disturbances, but also to analyse the response to specific 
effects e.g. in connection with a solar eclipse (Jacobi and Kürschner, 2000). In the following, 
a simple monthly mean index is derived from these data to characterise the mean ionospheric 
disturbance. 
 
The dataset and interpretation 
 
At Collm Observatory, LF registrations are carried out on the 4 frequencies 60, 75, 162 and 
252 KHz. The position of the transmitters and the reflection points are shown in Figure 1. 
Also shown is the sky wave radio path on 177 kHz, where absolute reflection heights and the 
sky wave field strength are measured (Kürschner et al., 1987).The much shorter distance be-
tween transmitter and receiver give rise to a much steeper incidence of the 177 kHz sky wave 
in the ionosphere. As a consequence then the reflection takes place above the D-region near 
the lower boundary of the E-region. Simultaneously with SIDs the measured sky wave field 
strength decreases often extremely, due to the passage through the strong enhanced ionisation 
in the D-region below the reflection level. Therefore SPA at Collm are only monitored on the 
other 4 frequencies mentioned above.  
 
The registration consists in a measuring of the total field strength resulting from the linear 
superposition between the ground wave and the sky wave on each frequency. Any decrease of 
the reflection height caused by SIDs will modify the path length for the sky wave but not for 
the ground wave, and thus leads to a changed phase difference of the two waves with respect 
to each other. If the variations of sky wave field strength are small compared with those of the 
total interference field strength, the two components will alternatively interfere constructively 
and destructively, leading to modulations of the registered field strength of the superposed 
wave. For example, if originally the superposition of the ground wave and sky wave is con-
structive, a change of the sky wave path length by half a wavelength (about 1 km, the wave-
length of the LF radio waves used is typically 2 km), leads to destructive superposition, fur-
ther change by 1 km to constructive superposition, and so on. Therefore, simply counting the 
number of relative extreme values of the field strength will estimate the order of the sky wave 
phase shift and thus represents a measure for the reflection height variation. This method also 
has been successfully applied to calculate long-term variations of LF reflection height 
(Bremer and Berger, 2002).  
 
Sudden increases of solar X-ray flux and Lyman α radiation due to solar flares during the 
daylight hours lead to an increase of the ionisation (O2, N2; NO) in the D-region, and in the 
following to a rapid decrease of the height position of fixed electron density levels. Since the 
LF radio sky wave reflection height is directly connected (a) with the ionospheric angle of 
wave incidence and (b) with the height position of a fixed electron density and the shape, in 
which free-electron concentration varies with height (N(h) profile), a solar flare will cause a 
rapid LF reflection height decrease and therefore a sharp change in field strength. Since the 
phase position of sky wave and ground wave before the SPA is not known, this change may 
consist either of an increase or decrease of interference field strength. Examples of field 
strength variations during SPAs on October 28, 2003 are shown in Figure 2. The dynamic 
transfer characteristics of the 75 kHz and 252 kHz- channels was too small in this case for a 
 
Figure 1: Location of LF transmitters used, with the  reflection points in the lower iono-
sphere. On 177 kHz, absolute reflection heights are measured, but with a temporal resolution
of 30 min that does not allow the analysis of SPA on that frequency. 
 
 
Figure 2: Examples for SPA on October 28, 2003 on two frequencies. Three events can be
identified, the solar flare at 11.12 UTC was one of the strongest events on record worldwide. 
 
 
linear observation of the exceptionally strong event at 11.10 UTC (pos. 3 in Figure 2). In this 
moment the actually active region (numbered 10486 by NOAA) produced one of the largest 
flares of this solar cycle, a proton flare (classification X17/4B, National Oceanic and Atmos-
pheric Administration, USA). Simultaneously we observed in the Collm total magnetic field a 
strong wave radiation effect.  
 
For each SPA the time of first onset is registered, as well as its occurrence on each single fre-
quency. Weak disturbances are sometimes only found on one or two frequencies, while strong 
SPA are registered on each of the 4 paths. Following Chilton et al. (1963), the intensity of any 
 
SPA is characterised by the degree of the phase shift (where 360° is equivalent to a full 
“wave” in the registration). We classify the SPA into 3 categories (1, 2, and 3) where 2 means 
more than 200 degrees phase advance and 3 - more than 300 degrees phase advance. Most 
SPA fall into category 1. The amount of SPA registered per day typically changes between 2-
3 per day during solar maximum and 0-3 per month during solar minimum. The data are pub-
lished in the monthly reports available on http://www.uni-leipzig.de/~jacobi/collm/reports.  
 
From the single SPA registrations since 1983, a “SPA index “ has been calculated as the mean 
daily occurrence of SPAs on the 4 frequencies, usually, but not necessarily to be averaged 
over one month: 
∑
=
=
N
1i
i t
h24n
N
1SPA ,                                                        (1) 
where N is the number of days in the respective month, the ni are the number of SPAs during 
each day, and t is the time (given in hours) between sunrise and sunset at 82 km height. The 
later dimensionless correction (24h/t) has to be applied when ionospheric disturbances from 
different months are compared, because registration of SPA is only possible during daylight 
hours. Different modifications have been tested. Some of the variants take into account the 
number of registrations nf where a SPA was found at one time, i.e. if, e.g., a SPA was regis-
tered on 3 of 4 frequencies only, it was only counted as 0,75: 
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where nf,m is the number of technically available frequencies. This may differ from 4 due to 
some interruptions of transmission or gaps in recording of single frequencies. Other variants 
take into account the intensity by multiplying the respective SPA with the respective intensity 
value Ii (1-3): 
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The 4 variants are listed in Table 1. The differences between the variants are not decisive. If 
we use SPA1 as reference, the correlation is 0.982, 0.995 and 0.987 with SPA2, SPA3 and 
SPA4, respectively. The mean SPA2 is somewhat smaller than SPA1, if we take into account 
the number of frequencies (1-4) where the SPA is registered. Taking into account the intensity 
the mean SPA increases, but the mean SPA4, i.e. including both number of frequencies and 
intensity, is still smaller than SPA1. This is due to the fact that intensities larger than 1 are 
very rare.  
 
 
Index variant Number of Registrations nf Intensity taken into account Ii 
SPA1 disregarded disregarded 
SPA2 weighted disregarded 
SPA3 disregarded weighted 
SPA4 weighted weighted 
 
Table 1: SPA variants tested. 
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Figure 3: Relative differences (SPA1-SPA4)/SPA4 vs. SPA4 indices. The dataset covers the
years 1983-2002. 
 
 
Choosing any variant of the SPA index will not bias the results concerning strong or weak 
ionospheric disturbance. In Figure 3 the relative difference (SPA1-SPA4)/SPA4 is shown. 
The mean value is 0.42, mostly owing to the fact that SPA are not necessarily registered on 
each frequency. For small SPA, i.e. for weak ionospheric disturbance on a monthly average, 
SPA1 is much larger than SPA4, because very weak SIDs are often only registered on one or 
few frequencies. However, no systematic difference depending on SPA can be seen for 
strongly disturbed conditions. An exponentially decaying curve is fitted (the exponential 
decay was chosen arbitrarily, because we are only interested in the gross features here), it can 
be seen that it approaches a constant value of 0.25 for SPA4 > 0.5. We may conclude that for 
high solar activity conditions connected with strongly disturbed ionospheric conditions we 
may choose each variant of the SPA index. However, for a weakly disturbed ionosphere the 
index SPA4 may be favourable, because it allows a better distinguishing between very weak 
and more pronounced effects. Therefore, in the following we present the results of SPA4 
only. 
 
Note that the different SPA indices are not very strongly connected, but Figure 3 exhibits 
comparatively strong scatter. This means that for case studies analysing the ionosphere during 
a short time (e.g. few months) the choice of the SPA variant may be of importance. However, 
results of long-term studies, e.g. of the mean ionospheric response to solar variability in the 
course of the 11 year solar cycle, will not depend on the variant used. 
 
One point to be taken into account when analysing any parameter over a long time is the ho-
mogeneity of the time series. The detection of SPA from the registration is performed manu-
ally. Since many other sources for rapid changes of the field strength are possible (like proc-
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Figure 4: Long-term mean SPA indices for different solar radio flux ranges before March
1999 vs. the respective values registered since March 1999. 
esses connected with atmospheric wind and waves), subjective effects may occur, which es-
pecially can rise if the analysing scientist changes. This has taken place in March 1999. 
Therefore we compared the monthly SPA indices before and after that date. Since the iono-
spheric disturbances investigated here are owing to solar variations, we chose the F10.7 solar 
radio flux at 10.7 cm for reference. A somewhat better suited homogeneous long-time dataset 
of solar X-ray emission was not available. The results are presented in Figure 4. The data 
points show the mean SPA indices for the respective radio flux interval before March 1999 
vs. the mean SPA indices since March 1999. The error bars show the standard deviation for 
the SPA4 indices in the respective F10.7 range. The numbers of available monthly indices are 
given also as before/since March 1999. Comparison of small SPA indices was not possible, 
because the time interval since March 1999 covers the peak of the solar activity only. It can 
be seen that generally there are no differences for the two time intervals. An exception is the 
range of F10.7 between 150 and 180·10-22Wm-2Hz-1, where the difference is not significant, 
but still noticeable. Nevertheless, also for this solar flux range the mean value for 1/83-2/99 
lies within the range of those values for 3/99-12/02, so that we may conclude that at least no 
strong inhomogeneities are visible in the time series. 
 
 
Connection of SPA index and solar radio flux 
 
SPA represent the reaction of the lower ionosphere on solar eruptions. Therefore it is of 
interest, to what extent the SPA index reflects solar variability as is visible in standard 
parameters like F10.7. Figure 5 shows the F10.7 radio flux vs. the SPA4 index. The inset 
shows the time series of both parameters. It can be seen that, as is expected, the curve of SPA 
follows the F10.7 curve. However, some differences are still visible, in particular during solar 
maximum the SPA index emphasizes disturbed conditions with respect to F10.7. From the 
scatter plot it can be seen that for strong solar activity (or large SPA indices, resp.) a 
logarithmic connection appears. We find from a regression analysis for F10.7 > 110·10-22 
Wm-2Hz-1: 
 
ln(SPA4) = -2.211 + 0,015·F10.7, 
 
if F10.7 is given in 10-22 Wm-2Hz-1, with a correlation coefficient of 0.72. The logarithmic 
scale means that our chosen SPA index emphasizes the reaction of the ionosphere on strong 
solar activity. For quiet solar conditions, a more linear relationship is found, but the scatter is 
relatively large so that it is not appropriate to derive a quantitative correlation here. 
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Figure 5: Solar radio flux F10.7 vs. SPA4 index. The inset shows Time series of SPA4 index 
and the F10.7 solar radio flux 1983-2002. 
 
 
Conclusions 
 
From daily registrations of sudden phase anomalies we have constructed an index that de-
scribes the average disturbance of the ionosphere due to solar flares and eruptions. This index 
was compared with the solar radio flux .It was found that for solar maximum conditions these 
parameters are logarithmically correlated. The dataset used here is available since 1983, so 
that it can already be used in long-term studies on solar-terrestrial coupling. Registrations of 
SPA, however, date back earlier, so that an extension of the time series is planned. 
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